We report a dramatic improvement of the spatial coherence and beam divergence ͑0.66 mrad͒ of a 13.2 nm wavelength Ni-like Cd tabletop laser by injection seeding the soft x-ray laser amplifier with high-harmonics pulses generated in a Ne gas jet. This phase coherent laser is an attractive light source for at-wavelength interferometry of extreme ultraviolet lithography optics and other applications. © There is significant interest in the development of compact coherent sources emitting at wavelengths within the bandwidth of 13.5 nm Mo-Si mirrors for at-wavelength metrology of extreme ultraviolet (EUV) projection lithography optics and other applications [1] . Currently, all the interferometry measurements of EUV lithography optics are conducted at third-generation synchrotron facilities. Very recently, a free electron laser based on a 1 GeV accelerator was demonstrated to operate near this wavelength [2] . Significant efforts are also underway to develop more compact coherent sources within this bandwidth based on high-order harmonics (HH) [3, 4] or soft x-ray laser (SXRL) amplifiers [5] [6] [7] [8] .
There is significant interest in the development of compact coherent sources emitting at wavelengths within the bandwidth of 13.5 nm Mo-Si mirrors for at-wavelength metrology of extreme ultraviolet (EUV) projection lithography optics and other applications [1] . Currently, all the interferometry measurements of EUV lithography optics are conducted at third-generation synchrotron facilities. Very recently, a free electron laser based on a 1 GeV accelerator was demonstrated to operate near this wavelength [2] . Significant efforts are also underway to develop more compact coherent sources within this bandwidth based on high-order harmonics (HH) [3, 4] or soft x-ray laser (SXRL) amplifiers [5] [6] [7] [8] .
Saturated SXRL operation at a repetition rate of one shot every several minutes has been obtained at 13.9 and 13.2 nm by transient collisional electron excitation of Ag and Cd plasmas heated by a short laser pulse with 3 -7 J energy impinging at normal incidence [5, 9] . Recently, it was shown that the required short-pulse pump energy can be significantly decreased by directing this pump beam onto the target at a grazing angle [7] [8] [9] [10] , by taking advantage of refraction to increase the fraction of the pump energy absorbed in the gain region. Saturated operation at 5 Hz repetition rate has been obtained at 13.9 nm in Ni-like Ag and at 13.2 nm in Ni-like Cd by collisional excitation of the transition of these ions in plasmas heated with 1 J pulses of 8 ps duration impinging at a grazing incidence angle of 23° [7, 8, 11] . However, both these lasers have a relatively large beam divergence of ϳ10 mrad, and low spatial coherence that limits their potential in applications such as interferometry and coherent imaging. Moreover, the temporal coherence of the plasma-and accelerator-based SXRLs mentioned above is limited by the fact that the amplification starts from spontaneous emission noise.
Injection seeding of soft x-ray plasma amplifiers with HH pulses can produce laser beams of dramatically increased coherence and reduced divergence [12] [13] [14] [15] [16] . An early experiment demonstrated the amplification of HH pulses in a Ne-like Ga plasma amplifier pumped by 600 J optical laser pulses, but only by a factor of 3 [12] . More recently, an optical field ionization SXRL amplifier produced by femtosecond optical laser excitation of a Kr gas cell was injection seeded with HH pulses to generate saturated amplification in the 32.8 nm laser line of Ni-like Kr [13] . Our group demonstrated the saturated amplification of HH seed pulses in the 32.6 nm line of Ne-like Ti in a significantly denser transient collisional SXRL plasma amplifier created by heating a Ti target [14] . Seeding of solid target SXRL amplifiers, which due to their significantly larger electron density have an increased saturation intensity and broader laser linewidth, can lead to phase coherent lasers with higher intensities and shorter pulsewidths. We have recently extended these results to shorter wavelengths using Ni-like ions [15] . Injection seeding of the 13.9 nm laser transition of Ni-like Ag with HH pulsed produced in a Ne gas cell produced a highly coherent laser beam.
In this Letter we report the demonstration of a highly coherent 13.2 nm Ni-like Cd laser by saturated amplification of injected HH seed pulses from a Ti:sapphire laser. This transition falls within the bandwidth of the Mo-Si multilayer coatings designed for EUV lithography, which at this wavelength have a reflectivity of ϳ50%. The experiments were conducted generating the 59th harmonic of Ti:sapphire in a Ne gas jet and injecting the HH pulses into a grazing incidence pumped Ni-like Cd SXRL plasma amplifier. The gas jet was observed to produce a significantly stronger HH output than Ne gas cells of various lengths tested under optimized pressure conditions. A single chirped-pulseamplification Ti:sapphire laser system operating at a center wavelength of 780 nm was used for both generating the HH seed pulses and pumping the SXRL amplifier. Separate grating pulse compressors were used to produce the ϳ50 fs and 6.8 ps duration laser pulses used to drive the HH and SXRL amplifiers, respectively. The SXRL amplifier consisted of a polished Cd slab target up to 3.5 mm in length irradiated with a sequence of Ti:sapphire laser pulses, as described in [8] . A transient population inversion was created by a 0.85 J pulse impinging at a grazing inci-dence angle of 23°that was selected to couple the pump beam into the region where the plasma density is 2.8ϫ 10 20 cm −3 . The prepulses were focused into a 30 m wide, 3.5 mm FWHM line. The HH pulses were generated focusing 20 mJ, ϳ50 fs duration, Ti:sapphire laser pulses into a Ne gas jet using a f = 1.5 m lens. The gas jet was produced using a stainless steel nozzle 7.6 mm in length and 0.6 mm in width, backed with 2 ϫ 10 5 Pa of Ne. The HH beam was relay imaged onto the input of the Ni-like Cd amplifier using a Au-coated toroidal mirror placed at a grazing incidence angle of 10°. The 59th harmonic was made to overlap with the 13.2 nm Ni-like Cd laser line by tuning a thin etalon introduced in the first of the three multipass amplifiers of the Ti:sapphire laser system. Two BK7 windows positioned at 9°g razing incidence were used to protect the filters and detector from the Ti:sapphire laser beam. Two Zr filters 0.2 and 0.3 m thick were used to attenuate both the remaining 780 nm HH driver beam and the plasma light. The output of the soft x-ray amplifier was dispersed with a 1200 lines/ mm variable space diffraction grating and recorded by a backilluminated CCD detector.
The spectra in Fig. 1 illustrate the dramatic decrease in the beam divergence achieved by seeding a 3.5 mm long Ni-like Cd amplifier. The top spectra [ Fig. 1(a) ] show the output of the unseeded Cd SXRL amplifier, which has a divergence of ϳ10 mrad in the direction parallel to the target. Figure 1(b) shows the HH spectra, in which the 59th harmonic has a divergence of ϳ3 mrad. Figure 1(c) shows that the intense amplified output of the seeded 13.2 nm amplifier has a FWHM beam divergence of 0.66± 0.10 mrad, considerably smaller than both the unseeded laser and the HH seed. The result demonstrates that the solid target laser amplifier column acts as a spatial filter that significantly improves the divergence of the seed pulse [16] , showing that to produce a very narrow divergence-seeded SXRL beam it is not necessary to use a very-well-collimated HH seed. Figure 2 illustrates the amplification of the seed pulse as a function of the Cd plasma amplifier length. The data were obtained by irradiating target segments of the different lengths shown. Each point is an average of about ten shots. The observed slow initial increase of the intensity is dominantly determined by the initial mismatch between the bandwidth of the seed pulse ͑ϳ0.03 nm͒ and that of the much narrower laser line (⌬ / Ͻ10 −4 , not resolved by the spectrograph) that results in the amplification of only a small fraction of the seed pulse energy. After ϳ1.5 mm through the amplifier, the linewidth of the amplified seed has narrowed to nearly match that of the laser light, which determines the onset of a quasiexponential amplification phase. This phase lasts until the fluence of the amplified seed pulse exceeds the saturation fluence of the 13.2 nm Ni-like Cd line, computed to be ϳ2.5 mJ cm −2 , slightly above 2.5 mm within the amplifier. The energy of the amplified seed pulses reaches ϳ20 nJ, corresponding to an amplification of the HH seed energy within 0.66 mrad of ϳ200 times. This energy output could be increased by increasing the laser pump energy, which would increase the amplifier gain or volume, or the use of a stronger HH seed pulse that would more rapidly saturate the amplifier. Due to the short duration of the gain, saturated amplification of the seed pulses requires precise synchronization between the SXRL amplifier pump pulse and the HH seed pulse. Figure  3 shows that strong amplification takes place in a ϳ1.5 ps interval, centered at a delay of ϳ1.5 ps between the peak of the short pump pulse and the seed pulse.
Injection seeding is observed to also dramatically improve the spatial coherence of the laser beam. A Young's interference experiment was conducted placing pairs of 5 m wide slits with separations ranging from 30 to 100 m on the beam axis at a distance of 10 cm from the exit of the amplifier. The resulting interferograms were spectrally filtered by a diffraction grating and were recorded in a CCD. The fringe visibility is proportional to the modulus of the normalized complex degree of coherence, ͉ 12 ͉. The unseeded SXRL has very limited coherence: At 10 cm from the amplifier, where the unseeded beam is ϳ1 mm diameter, the 50 m slits pair produces interferograms that do not reach the 61% visibility used here to characterize the spatial coherence length. This indicates that less than 1% of the unseeded beam energy is fully spatially coherent. In contrast, Fig. 4 shows that the coherence length of the seeded beam is ϳ70 m, a value that approaches the beam diameter of 80-90 m at that location. This, in combination with the very high temporal coherence that originates from the amplification of HH seed pulses in the very narrow bandwidth of the soft x-ray plasma amplifier, results in a beam with a uniquely high degree of phase coherence.
In summary, we have demonstrated for the first time to our knowledge a phase coherent tabletop laser operating within the bandwidth of lithography Mo-Si multilayer mirrors by injection seeding of the soft x-ray amplifier with HH pulses. This highly coherent, low divergence, tabletop laser is of interest for numerous applications. 
